Diltiazem is a benzothiazepine Ca 2+ channel blocker used clinically for its antihypertensive and antiarrhythmic effects. We studied the mechanism of diltiazem blockade by recording L-type Ca 2+ channel currents from cell-attached patches in isolated guinea pig ventricular myocytes using Ba 2+ as the charge carrier. With diltiazem (200 µM) in the superfusate, multichannel currents showed a use-dependent decline in amplitude reflecting reductions in the numbers of superpositions of channel openings. Analysis of single-channel currents revealed that both open and closed times were little affected by diltiazem (50 and 100 µM). However, the rate of decay of the averaged current during 150-ms depolarization steps was significantly accelerated and the open state probability in current containing-sweeps was significantly decreased by diltiazem, suggesting that the drug accelerates transition from the activated state to the inactivated state. The effect of diltiazem on the slow gating process was studied by repetitively applying 500-1000 step pulses at selected holding potentials. Decreased channel availability by diltiazem was reflected by the increasing number of blank sweeps per run at depolarized holding potentials. These results suggest that diltiazem reduces Ca 2+ influx by accelerating inactivation during action potentials, and that the use-dependent blockade is due to increases in the number of channels in a sustained closed state. (Jpn Heart J 2003; 44: 1005-1014 
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SUMMARY
Diltiazem is a benzothiazepine Ca 2+ channel blocker used clinically for its antihypertensive and antiarrhythmic effects. We studied the mechanism of diltiazem blockade by recording L-type Ca 2+ channel currents from cell-attached patches in isolated guinea pig ventricular myocytes using Ba 2+ as the charge carrier. With diltiazem (200 µM) in the superfusate, multichannel currents showed a use-dependent decline in amplitude reflecting reductions in the numbers of superpositions of channel openings. Analysis of single-channel currents revealed that both open and closed times were little affected by diltiazem (50 and 100 µM). However, the rate of decay of the averaged current during 150-ms depolarization steps was significantly accelerated and the open state probability in current containing-sweeps was significantly decreased by diltiazem, suggesting that the drug accelerates transition from the activated state to the inactivated state. The effect of diltiazem on the slow gating process was studied by repetitively applying 500-1000 step pulses at selected holding potentials. Decreased channel availability by diltiazem was reflected by the increasing number of blank sweeps per run at depolarized holding potentials. These results suggest that diltiazem reduces Ca 2+ influx by accelerating inactivation during action potentials, and that the use-dependent blockade is due to increases in the number of channels in a sustained closed state. ( L-TYPE Ca 2+ channels play a central role in the initiation and regulation of muscle contraction in the cardiovascular system. Indeed, drugs that inhibit Ca 2+ influx through L-type Ca 2+ channels are used to treat hypertension, angina pectoris, and some cardiac arrhythmias. Three major classes of Ca 2+ channel blockers are currently in clinical use: dihydropyridines (eg, nitrendipine), phenylalkylamines (eg, verapamil) and benzothiazepines (eg, diltiazem). Among them, diltiazem is used as an antihypertensive 1, 2) and an antiarrhythmic agent, 3) especially for supraventricular tachycardia.
Although all three species of Ca 2+ channel blocker bind to molecular determinants involved in inactivation, the degree to which their inhibition of Ca 2+ currents depends on repetitive depolarization and on the membrane potential prior to depolarization varies. 6, 7) Blockade by verapamil and its methoxy derivative, D600, is manifested by repetitive depolarization and is known as use-dependent blockade. 8) Similarly, diltiazem blocks Ca 2+ currents primarily in a use-dependent manner. 9, 10) By contrast, the blockade produced by dihydropyridine Ca 2+ antagonists is markedly enhanced by depolarization of the resting membrane potential and appears even at the first pulse.
11) The molecular determinants of the binding and actions of these drugs have been extensively studied. 12) Single channel recordings have provided detailed information about the modulation of ion channel activity. We have shown that blockade of L-type Ca 2+ channels by nitrendipine is primarily reflected by increases in the number of blanks, 13) which are defined as mode 0 when the mode transition hypothesis is applied to explain the modulation of Ca 2+ channel gating by Ca 2+ channel antagonists, agonists and phosphorylation. 14) On the other hand, little is known about the single channel mechanism of diltiazem blockade, despite its wide clinical use. In the present study, therefore, we used cell-attached configuration of the patch clamp technique to study the mechanism by which diltiazem modulates single Ltype Ca 2+ channel activity. We found that diltiazem facilitates the inactivation of the channel both by accelerating the transition from the activated state to an inactivated state and by decelerating the transition from the inactivated state to the available state.
METHODS
All protocols were carried out in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences issued by the Council of the Physiological Society of Japan and were approved by the Institutional Animal Experimentation Committee of Juntendo University School of Medicine. Cell isolation: Ventricular myocytes were enzymatically isolated from guineapig (250-350 g) hearts as described previously. 13, 15) Briefly, guinea-pigs were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg) and the ascending aorta was cannulated under artificial ventilation. The heart was then excised and sequentially perfused by the Langendorff method with normal Tyrode solution (several minutes), nominally Ca scissors, stirred in a beaker, and filtered through a coarse metal filter. The dissociated myocytes were then stored in KB solution at 4°C. Experimental procedure: Myocytes were transferred to a circular chamber (35 mm diameter) mounted on the mechanical stage of an inverted microscope (Diaphoto-TMD, Nikon, Tokyo). The temperature of the superfusate was maintained at 30°C with a Peltier device (Shinnihon Denko, Tokyo). A 3 M-KCl agar electrode was dipped into the chamber to serve as the reference electrode. Singlechannel currents were recorded using the patch-clamp technique under the cellattached configuration. 16 ) Patch pipettes were made from plain hematocrit capillary tubes, coated with Sylgard (Silpot 184, Dow Corning, Michigan, USA) and fire-polished. Their resistance was in the range of 1-3 MΩ when filled with pipette solution. Giga-ohm seals were established by gently applying negative pressure to the pipette by mouth after it touched the cell surface. Single Ca 2+ channel currents were recorded from the cell-attached patches in the membranes of myocytes that were superfused with either normal Tyrode solution or high K + aspartate solution.
Step depolarizations were applied from holding potentials (HP) determined by shifting membrane potential from the resting potential (RP) in normal Tyrode solution or 0 mV in high K + -solution. Data analysis: The currents were low-pass filtered with an eight-pole Bessel filter (FV-665, NF Electrical Instruments, Yokohama, Japan) with a cut-off frequency of 2 kHz and then stored as digitalized signals on video tapes using a PCM tape recorder (RP880, NF Electrical Instruments). The analogue output from the stored data was analyzed after filtering again with cut-off frequencies of 1-1.5 kHz using a personal computer (PC 9801, NEC, Tokyo). The capacitive and leak currents were digitally subtracted either by adding the current obtained by averaging currents produced in response to negative-going clamp pulses, or by subtracting the average current in records that contained no channel openings during the depolarization. The program allowed a baseline and single channel amplitude to be fitted by eye. Transitions between open and closed states were detected as crossings of the half amplitude level. The original records were plotted using a plotter (MS8603, Graphtec, Tokyo). 
Statistics:
The data are expressed as the mean ± SD. Statistical significance was tested using Student's t-tests for unpaired and paired samples. Values of P < 0.05 were considered significant.
RESULTS
Use-dependent blockade of multichannel currents: Records of multichannel Ba 2+ currents showed that diltiazem (200 µM) elicited a use-dependent blockade that proceeded within a relatively small number of pulses. Figure 1 shows two trains of 10 depolarizations elicited from a HP that was 40 mV more positive than the RP, each of which was preceded by a rest period at a large negative HP. In the two representative trains in Figure 1 , the greatest activity was observed during the first several depolarizations, after which the multichannel activity gradually declined until blank sweeps appeared in the latter part of the train, eg, at the eighth and ninth sweeps in the left column and the third sweep in the right column. Blanks appeared by the tenth sweep 16 times in 20 trials, whereas it never occurred at the first sweep. The averaged currents from 20 sweeps representing NIIMI, ET AL to 60 ± 12% (n = 4) and 51 ± 13% (n = 4) in the presence of 50 and 100 µM-diltiazem, respectively. Depression of open state probability : We defined the open state probability (P ο ) as the ratio of the total open time to the total duration of the depolarization of the pulses that were associated with the unitary currents. P ο varied among patches and increased with increasing depolarization. P ο estimated using 150-ms depolarizing pulses to 0 mV was 0.19 ± 0.10 (n = 10) in the control and it was significantly decreased to 0.13 ± 0.08 (n = 10) by 100 µM-diltiazem. The inhibitory effect of diltiazem on P ο was partly reversed by washing out the blocker. 0.79 ± 0.27 ms (n = 8) in the presence of 100 µM diltiazem. The closed-time histograms were fitted by double-exponential curves reflecting the presence of two different closed states. Neither the time constants for the two exponential components nor the ratios of the number of events contained in each component were significantly affected by diltiazem as shown in Figure 3 . The mean closed time in 8 experiments was 2.51 ± 0.37 ms in the control and 2.27 ± 0.45 ms in the presence of diltiazem. Reduction of availability: When identical depolarizations are repetitively applied to single cardiac L-type Ca 2+ channels, current-containing and blank sweeps appear consecutively in a nonrandom manner that is dependent on the slow transition of the channel between available and unavailable states. 13, [17] [18] [19] The availability of a channel (P S ) is given by T S /(T S +T F ), where T S denotes the mean duration of the run with current-containing sweeps, and T F that of the run with blanks. At normal resting potential or -80 mV, P S was little affected by diltiazem; 0.51 ± 0.20 (n = 10) in control and 0.48 ± 0.21 (n = 9) in the presence of 100 µM diltiazem. Figure 4 illustrates the effect of diltiazem on the voltage-dependent changes in P S , T S and T F . In the two representative experiments shown, 500 to 1000 depolarizations from the indicated HPs were applied in the absence or pres- induced decrease of availability (P S ) was enhanced by diltiazem and it was mainly due to the prolongation of T F . At the holding potential of -40 mV, P S was 0.40 ± 0.23 (n = 5) in the control and it was significantly reduced to 0.09 ± 0.06 (n = 5) by 100 µM diltiazem, thereby T F was significantly increased from 6.8 ± 3.6 sweeps (n = 5) to 29.9 ± 17.8 sweeps (n = 5) by diltiazem, while T S was not affected significantly with mean values of 4.8 ± 3.1 sweeps in the control and 3.0 ± 1.1 sweeps in the presence of diltiazem.
DISCUSSION
The present analysis of the modulation of L-type Ca 2+ channel activity by diltiazem has shown that the blocker acts by promoting inactivation. In the presence of diltiazem, the overlapping of openings in multichannel records declined in a use-dependent manner at depolarized HPs. In single channel experiments, diltiazem reduced P o in current-containing sweeps by accelerating the transition from the available to the unavailable (inactivated) state. At depolarized HPs it markedly increased the consecutive number of blanks, indicating a reduction in channel availability.
When considering the site of action of diltiazem, it is important to bear in mind that in cell-attached recordings the observed channel currents are from channels located under the pipette opening, which are isolated by the pipette wall from the bath solution. Notably, intracellularly dialyzed diltiazem significantly depressed the plateau phase of the action potential in guinea pig ventricular cells. 20) On the other hand, SQ32, 428, a permanently charged benzothiazepine, depressed L-type Ca 2+ currents only from the extracellular side, 21, 22) and another ionized quaternary diltiazem derivative appeared to act from both outside and inside of the membrane. 23) In the present study superfused diltiazem exerted its inhibitory effect on L-type Ca 2+ channels in the patch from the extracellular side, either after having diffused twice across the membrane, or after diffusing laterally within the membrane.
The concentration of the diltiazem in the present study was two or three orders higher than its plasma concentration in the clinical application. 1) We used Ba 2+ as charge carriers to obtain larger single channel currents. However, Ba 2+ current is more resistant to diltiazem than Ca 2+ current. 6) In addition, the above long approach from the bath solution to the external opening of the channel might demand such high concentrations. However, we believe that diltiazem reduces the L-type Ca 2+ current according to the following mechanism also in situ, though the extent might be much smaller.
The results of an earlier analysis of multichannel L-type Ca 2+ currents suggest that the inhibitory effect of diltiazem on P o is mainly reflected by reduced Vol 44 No 6 numbers of openings per sweep and by increased numbers of sweeps without channel openings. 24) Our multichannel recordings confirmed these findings and confirmed the use-dependency in diltiazem blockade. Furthermore, our single channel recordings showed that diltiazem prolonged the average duration of the unavailable state at depolarized HPs, and that this prolongation of the unavailable state underlies the drug-induced use-dependent block.
Dihydropyridine Ca 2+ antagonists reportedly accelerate Ba 2+ current decay during depolarizing steps, 6, 13) an effect that is also produced when Ca 2+ currents are augmented by isoproterenol. 15) It is possible to simulate the time course of decay of averaged currents with single Ba 2+ currents using the distribution of waiting times from the onset of depolarization to the sustained inactivated state. 18) In the present study, the P o during current-containing sweeps was reduced by diltiazem with no change in the fast gating process, and the average single channel current appeared to decay more rapidly in the presence of diltiazem. It thus appears that diltiazem accelerates the rate of transition to the inactivated state during step depolarizations.
The use-dependent blockade by diltiazem of L-type Ca 2+ channels would be expected to inhibit large increases in Ca 2+ influx accompanying a sudden increase in heart rate. In addition, the acceleration of inactivation would be expected to reduce Ca 2+ influx during action potentials that arise from normal negative resting potentials. Both of these effects likely contribute to the beneficial effect of diltiazem when used as a prophylactic or depressant of supraventricular tachycardia. 4, 5) 
